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The relationship between surface-level observations of 
daily maxima in ozone (O3max) volume mixing ratio and 
ambient air temperature (Tmax) has been studied at an 
urban site, i.e. Pune (18.4N, 73.8E), India during 
2003–04. The mixing ratios of O3max were found to be 
highest during winter to pre-monsoon period and low-
est in the monsoon season. The dependence of O3max  
levels on Tmax has been quantified using the linear re-
gression fit for the different seasons. However, except 
for the monsoon season, reasonably good correlations 
between O3max and Tmax were noticed. The correlation 
between daily O3max concentration and minimum NOx 
(NOxmin) concentration was also studied to assess the 
importance of photochemical mechanism mainly re-
duction in the loss due to titration. Overall, the strong 
dependencies of O3max on Tmax and NOxmin signify the 
role of both meteorological and photochemical proc-
esses during most months of a year. The positive 
slopes of O3max/ΔTmax and O3max/NOxmin clearly  
indicate the role of significant production and accu-
mulation of O3 under high temperature and low NOx 
conditions respectively, during winter and pre-
monsoon seasons. The statistical analysis of O3 in rela-
tion with the key meteorological and chemical pa-
rameters is important to understand the sensitivity of 
secondary pollutants on various controlling factors. 
 
Keywords: Air temperature, ozone, precursors, seasonal 
variations. 
 
IT is well known that surface level ozone (O3) is one of 
the important photochemical pollutants due to its strong 
oxidizing nature. Ozone is produced by the photo-
oxidation of precursor gases like volatile organic com-
pounds (VOCs), carbon monoxide (CO) and nitrogen ox-
ides (NOx; i.e. NO + NO2) in the presence of sunlight1. 
For example, the following set of reactions initiated by 
the oxidation of CO shows the mechanism of photochemi-
cal production of O3. 
 
Reaction set 1 
 
 CO + OH  CO2 + H, 
 
 H + O2 + M  HO2 + M, 
 
 HO2 + NO  NO2 + OH, 
 
 NO2 + h  O(3P) + NO, ( < 410 nm) 
 
 O(3P) + O2  O3 + M. 
 
The above cycle can be generalized for other precursors 
like methane (CH4) and nonmethane hydrocarbons 
(NMHCs) as well. The production efficiency of O3 has 
been observed to depend on several meteorological pa-
rameters such as solar radiation flux and temperature. In 
general, O3 mixing ratio will increase when incoming  
solar ultraviolet (UV) flux reaches a maximum, clouds 
are few and levels of precursors are optimum (determined 
by VOCs/NOx ratio). The level of NO2 which represents a 
major part of NOx is critical for determining the O3 pro-
duction efficiency through the formation of O(3P) atom. 
Subsequently, O(3P) combines with molecular oxygen 
(O2) leading to the formation of O3. On the other hand, 
excessive conversion of NO from NO2 can directly react 
with O3, leading to loss of ambient O3 by the following 
titration reaction. 
 Reaction set 2 
 
 O3 + NO  NO2 + O2. 
 
In addition to the direct effect of UV radiation on O3 pro-
duction, emissions of some O3 precursors are tempera-
ture-dependent and peak during the mid-summer in the 
tropical region. For example, the biogenic or natural 
emissions of hydrocarbons are particularly sensitive to 
temperature and follow the seasonal cycles of controlling 
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meteorological parameters2. Variations in the surface-
level temperature can strongly influence the kinetics of 
reactions leading to the production of O3, and boundary 
layer processes through mixing with O3-rich free tropo-
spheric air mass3. 
 It is important to mention that the impact of meteoro-
logical parameters on O3 levels has been reported in sev-
eral studies4. For example, the episodes of photochemical 
smog (in which O3 is an important constituent) are usually 
associated with high-pressure system. Consequently, the 
surface-level O3 concentrations show strong seasonal var-
iations partly due to seasonal changes in meteorological 
parameters. 
 The statistical methods for air-quality prediction have 
been used in many studies5. Most of these methods in-
clude multiple linear regression analysis6–8. However, the 
linear regression models have been found to be inade-
quate to simulate the complex relationship between O3 
and meteorology. The linear regression approach is  
applied based, in part, on the strong correlation between 
maxima in surface O3 and temperature. However, it is dif-
ficult to understand and visualize the real processes with-
out the comprehensive photochemical modelling9. 
 The importance of photolysis in the formation of O3 
provides a direct link between O3 and temperature with 
respect to time of the year. The temperature-dependent 
photochemical rate constants also provide a link between 
O3 and temperature10,11. 
 The effect of temperature on O3 has been observed in 
different regions of the world. Several studies have  
explored the above-mentioned aspect, especially over the 
tropical stations, where measurement data are sparse12,13. 
There is a need to understand the role of local meteoro-
logical factors in the photochemical production of O3. 
Understanding the relation of daily maximum in O3 (O3max 
hereafter) with maximum in temperature (Tmax  
hereafter) could be used to forecast O3 levels. Such stud-
ies of O3 in relation with other meteorological parameters 
(predictors) are also important to forecast the O3 episode 
events. In this communication, we have studied the sea-
sonal dependencies of O3max on Tmax using the surface ob-
servation data at an urban site, i.e. Pune, India during the 
period 2003–04. Also, the dependence of O3max on mini-
mum of NOx (NOxmin) has been studied to assess the  
role of the chemical mechanism controlling O3max  
levels. 
 The observational site is situated at the northwest re-
gion of Pune city (18.4N, 73.8E). Pune is an industrial-
ized city; however, the observational site at the Indian 
Institute of Tropical Meteorology (IITM) campus is lo-
cated at distance of about 20–25 km from the main indus-
trial zone. Some sugar factories are located to the 
northeast of the site. In the winter season, the wind pat-
tern is northeasterly which can transport the pollutants, 
including the ozone precursor to the site. The measure-
ment site is surrounded by hills, while moderate commuter 
traffic is observed on the nearby roads, which is about 
200 m from the site14. From early May to September/ 
October each year, when the inter-tropical convergence 
zone (ITCZ) moves northward across India, cleaner  
marine air masses from the Arabian Sea and the Indian 
Ocean dominate at Pune. The polluted continental air 
masses prevail when the ITCZ moves back southward in 
September and October. In the winter season, the wind 
flow is mostly westerly and northwesterly winds15. At 
this site, the morning and evening rush hours (period of 
heavy vehicular traffic) coincide with the increasing and 
decreasing heights of boundary layer depth respectively. 
Therefore, the interplay between the planetary boundary 
layer (PBL) depth and local emission defines the magni-
tude and duration of rush-hour peaks observed in the lev-
els of primary pollutants. On the other hand, the local 
biomass burning emissions and long-range transport of 
pollutants also play an important role in the distribution 
of trace gases. 
 The surface-level O3 is measured using an on-line ana-
lyser (O342M, Environment S.A., French-make) based on 
absorption of UV radiation at 253.7 nm. The analyser  
automatically incorporates the corrections due to changes 
in temperature and pressure in the absorption cell. The 
minimum detection limit of the analyser is 1 ppbv with 
noise of about 0.5 ppbv, for 10 s response time. The mix-
ing ratios of O3 are always well above 5 ppbv for ambient 
measurements at this site, which gives a large signal-to-
noise ratio. To cross-check the data accuracy, an automatic 
cycle of zero reference is generated after every 8 h. The 
absolute accuracy of these instruments is reported to be 
about 5% (ref. 16). The data resolution of 1 min to 24 h 
can be stored in the memory available in the instrument. 
More details are available at the website: http:// 
www.environnement-sa.com. 
 The mixing ratio of NOx is measured with the analyser 
(APNA 365, Horiba, Japan) based on chemiluminescence 
technique. The inter-comparison of these measurements 
with more specific techniques suggests that all surface 
converters that are sufficiently robust to convert NO2 to 
NO and also convert other reactive nitrogen oxide spe-
cies, such as PAN to NO, thereby causing an interference 
in the NOx measurements17,18. The magnitude of this in-
terference may vary significantly with location and mate-
rial used for conversion of NO2 to NO; molybdenum in 
the present case. It is generally believed that this interfer-
ence is the smallest for urban/semi-urban measurements, 
where NO2 and NO comprise of a major fraction of ox-
ides of nitrogen and hence measures NOx, provided all 
the values are viewed as upper limits to their true val-
ues19. The quality of measured data has been maintained 
by regular zero and span calibrations. For span calibra-
tion, a known amount of NO2 gas was generated by a ca-
librator using a NO2 permeation tube. The multipoint 
calibration, between 0 and 100 ppbv (steps of ~10 ppbv), 
of NOx, was performed on regular basis. However, the 
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lack of zero check facility (inbuilt), unlike for the ozone 
analyser, is major disadvantage with the NOx measure-
ment. Therefore, external zeroing and calibration were 
performed by supplying zero air (a pure mixture of N2 
and O2 gases) and calibration mixture respectively. The 
zeroing and calibration checks were performed every 
week; however, we needed to change the calibration fac-
tors in a period of 45–60 days. The minimum detection 
limit of the analyser is 100 pptv, providing large signal-
to-noise ratio as ambient measurements are always higher 
than 1000 pptv (ref. 14). Further details of the instrument 
are described in the website: http://www.horiba.com/. 
 In the present work, we have used the daily data of O3, 
NOx as well as temperature data for the period June 
2003–May 2004. The surface temperature data were regu-
larly recorded from a weather station near the measure-
ment site (IMD Daily Weather Report 2003–04). In this 
study, analyses of data have been classified in view of 
two different aspects of the study. First, the correlation 
study of O3 with temperature, which is addressed by  
investigating the relation between daily O3max and Tmax. 
The second aspect is based on the chemical process for 
which relation between O3max and NOxmin has been studied. 
The concept of studying O3max in relation with a meteoro-
logical parameter (Tmax) is to understand the role of local 
meteorology, responsible for the occurrences of O3max in 
an urban environment. 
 Figure 1 shows the time-series variations of daily O3max 
and Tmax for different seasons. Typically, seasons are 
classified as follows: monsoon (June–September), post-
monsoon (October–December), winter (January–February) 
and pre-monsoon (summer: March–May) over the Indian 
subcontinent (http://www.imdpune.gov.in/weather_fore-
casting/glossary.pdf). Figure 1 a shows the variations of 
O3max and Tmax during the monsoon season. The mean val-
ues of O3max and Tmax are 25  11 ppbv and 29 3C  
respectively, during the monsoon season. In this season, 
the highest values of O3max and Tmax are 67 ppbv and 39C  
respectively. 
 Table 1 provides statistical parameters derived from 
the linear fits between O3max and Tmax for different sea-
sons. It is to be noted that terms like ‘linear fit’, ‘R2’, 
‘correlation coefficient’, and similar expressions generally 
refer to the parameters derived from the linear regression 
analysis/fit. Although O3max tends to slightly increase with 
Tmax, the linear fit shows moderate correlation in the 
monsoon season (Figure 2 a). During this season, the es-
timated rate of increase (O3max/Tmax) is lowest, i.e. 
1.31 ppbv C–1. Solar radiation plays a vital role in con-
trolling the levels of O3 and temperature. More impor-
tantly, reduced emissions due to negligible presence of 
open biomass burning and transport of cleaner marine air 
result in lower levels of various precursor gases required 
for O3 production20,21. Due to insufficient levels of O3 
precursors and solar radiation intensity, the level and var-
iation of O3max and Tmax are relatively less compared to 
other seasons. In addition, particularly applicable for low 
NOx condition during monsoon, the following reaction 
with HO2 radicals may account for major loss of ozone22. 
 Reaction set 3 
 
 O3 + h  O (1D) + O2 ( < 320 nm), (1) 
 
 O(1D) + H2O  2OH, (2) 
 
 OH + O3  HO2 + O2, (3) 
 
 HO2 + O3  OH + 2O2. (4) 
 
Figure 1 b shows the variations of O3max and Tmax during 
the post-monsoon season. The mean values of O3max and 
Tmax are 73  17 ppbv and 30.5  2C respectively, during 
the postmonsoon season. In this season, the ranges of 
O3max and Tmax are 18–123 ppbv and 26–33C respectively. 
The values of O3max tend to increase with higher Tmax and 
show somewhat poor correlation (r2 = 0.20) compared to 
the monsoon season (Figure 2 b). In the post-monsoon 
season, the estimated rate of increase (O3max/Tmax) is 
3.56 ppbv C–1. The transition from southwesterly to nor-
theasterly wind flow seems to be a major reason for the 
large variations of O3 and temperature. In the later part of 
this season, the photochemical production and transport 
of continental air lead to increase in O3. Therefore, onset 
of open biomass burning and transport of polluted conti-
nental air result in higher levels of various precursor gas-
es required for O3 production in the later part of the post-
monsoon season. 
 Figure 1 c shows the time-series variations of daily 
O3max and Tmax during the winter season. The mean values 
of daily O3max and Tmax are 62  28 ppbv and 30  3C,  
respectively. The values of both daily O3max and Tmax show 
large variations in the range 20–99 ppbv and 25–36C  
respectively. Table 1 shows moderate correlation 
(r2 = 0.54) between O3max and Tmax for the winter season. 
One of the possible mechanisms for the observed high O3 
may be breaking of the PBL inversion caused by higher 
afternoon temperature and downdraft of O3-rich air from 
the free troposphere23. The mixing ratio of O3max increases 
at the highest rate of 7.1 ppbv C–1, which is significantly 
high compared to monsoon and postmonsoon seasons. In 
the later part of the winter season, the high baseline value 
could also be caused by the transport of continental O3-
rich air from the NW–NE wind directions24. On the other 
hand, some studies have reported that the increased level 
of O3 will tend to increase the temperature due to green-
house effect25. 
 Figure 1 d shows the variations of daily O3max and Tmax 
for the pre-monsoon season. In this season, the mean val-
ues of daily O3max and Tmax are 66  23 ppbv and 37  
2C respectively. The highest value of daily O3max and 
Tmax are 100 ppbv and 41C respectively. The increasing 
trend of O3max with temperature is observed up to 37C,
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Figure 1  a–d. Time series of daily maximum values of ozone (O3max) and temperature (Tmax) during different seasons at Pune, India. 
 
 
 
 
Figure 2  a–d. Scatter plots between O3max and Tmax for four different seasons of measurements at Pune, India. 
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after which a decrease in O3max level can be noticed. In 
this season, the values of Tmax often exceed the level of 
37C at this site. The results are consistent with those of 
Neuman et al.23, who have reported that the mixing ratios 
of O3 remain low at low temperature and increase with 
increasing temperature, but for temperature in excess of 
35C, there is little response. In the pre-season, the esti-
mated rate of increase (O3max/ΔTmax) is 7.5 ppbv C
–1, 
which is almost the same as observed for the winter sea-
son. A study over southern USA reports that the number 
of O3 molecules produced per NOy (NOx + all of its  
reservoir species) molecule increases with temperature 
between 22C and 33C (ref. 26). The lower levels of 
precursors during pre-monsoon can be due to strong sur-
face heating and hence convective ventilation leading to 
reduction in O3 production rate compared to winter sea-
son14. The severe cyclonic storms in the Arabian Sea and 
the heavy rainfall associated with it would have resulted 
in the decrease of O3 and temperature27. The relations  
 
Table 1. Parameters derived from the linear fits  
 between daily O3max and Tmax for different seasons 
Season r2 Slope (ppbv C–1) 
 
Monsoon 0.57 1.31 
Post-monsoon 0.20 3.56 
Winter 0.54 7.1 
Pre-monsoon 0.50 7.5 
 
 
 
 
Figure 3. Correlation coefficients between daily (a) O3max and Tmax 
and (b) O3max and NOxmin for different months during 2003–04 at Pune. 
between O3max and Tmax can also be impacted by other fac-
tors than just those affecting the local loss and production 
of O3. For example, long-range transport of different air 
masses having different O3 concentrations from the dif-
ferent regions. In particular, the annual emissions of O3 
precursors increase due to the highest activities of bio-
mass burning during this season14. 
 The simultaneous measurements of other pollutants 
provide an opportunity to examine the relationship of O3 
with its precursors and tracers of anthropogenic pollut-
ants28,29. At the receptor site, CO, NOx and total NMHCs 
were continuously measured in conjunction with O3.  
Detailed analyses of this dataset are given elsewhere14. It 
has been observed that the association between primary 
pollutants (directly emitted from the sources) and tem-
perature is weak or insignificant, as these are mainly 
emitted from the anthropogenic sources. Whereas the 
secondary pollutants (mostly formed photochemically) 
are positively correlated with temperature. Figure 3 
shows the vertical bar plots of correlation coefficients  
between daily O3max and Tmax (Figure 3
 a) and daily O3max 
and NOxmin (Figure 3 b) for the different months of the 
period 2003–04. It can be seen in Figure 3 a that tight 
correlation between O3max and Tmax is observed during 
most of the months. In other words, the positive correla-
tion between O3max and NOxmin indicates a significant role 
of the reduced loss of O3 due to less NO titration (reac-
tion set 2). Overall, the results presented in this study 
support the views that the role of local meteorology 
should not be disregarded to interpret the variation of 
ambient level O3 in urban regions30,31. 
 This study is based on statistical analysis of surface-
level observations of daily maxima of ozone (O3max) and 
ambient air temperature (Tmax) at an urban site, i.e. Pune, 
India during 2003–04. Except for the monsoon season, 
the time-series variation of maximum ozone follows the 
variation of daily maximum temperature. The linear  
regression fits between daily maxima in O3 and tempera-
ture show positive relations; however, with poor and  
excellent correlations during monsoon and winter seasons 
respectively. The ranges of daily O3max are 14.7–67.7, 18–
123, 20–99 and 21.5–100 ppbv during monsoon, post-
monsoon, winter and pre-monsoon seasons respectively. 
On the other hand, the ranges of daily Tmax are 25–39C, 
26–33C, 25–36C and 32–41C during monsoon, post-
monsoon, winter and premonsoon seasons respectively. 
In order to understand the role of photochemical proc-
esses, particularly titration due to NOx, we have studied 
the relation between maximum O3 and minimum NOx 
mixing ratios. However, analysis is presented based on 
the relation with temperature only. The present study 
highlights the role of local meteorology in controlling the 
ambient levels of O3 in an urban environment. 
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The biological crusts on lateritic soils, red soils and 
mine-waste burdened soils in the eastern region of  
India covering a transect of about 800 km were prin-
cipally composed of sheathed cyanobacteria of the ge-
nera Scytonema, Tolypothrix and Lyngbya along with 
few other species of Cylindrospermum, Nostoc, Ca-
lothrix and Fischerella. Molecular phylogeny based on 
16S rRNA gene sequence of these cyanobacteria along 
with those occurring in different habitats of four  
